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Abstract

The vibrational frequencies of carbon monoxide adsorbed on a platinum metal
electrode are obtained in terms of discrete interatomic interactions. We show
that for linear changes in the binding energy of carbon and oxygen to the surface
there is a linear dependence of the shift in CO vibrational frequency. Based on
our model, we suggest that there is a direct, linear relationship between the

binding energy and the applied electrostatic potential. As a result, we predict

a linear dependence of the frequency on electrochemical potential in accord with

experiment. Further, we calculate a Stark tuning rate of 9.0 X 1079 v/m. . We
also demonstrate that the application of a relatively large external electric
field (of the order of 1 x 109 V/m)>-cannot account entirely for the observed
vibrational frequency shift. We conclude that a combination of chemical bonding

and electric field interactions are required to account for the observed spectral

shifts.
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) Introduction

o

MJ

Q’ Among the relatively simple phenomena which have attracted attention, the
'Ql

:h spectrum of adsorbed carbon monoxide on platinum and other metals has proved to

be one of the more interesting. The vibrational spectrum of carbon monoxide

adsorbed on a platinum electrode changes as a function of applied electrochemical

Ve
v

P

potential. One suspects that, in view of the simplicity of the system, there

ought to be some simple, definite, and diagnostic relationship which accounts for

-
-

o3

-

the observed linear dependence of the spectral shifts on applied potential.

L

- -:}

Several interpretations of the experimental results which use several different

-
+

models have appeared. In Spite of this variety of treatments of the spectral

El

shift, no single model has yet emerged to enjoy a consensus of support. As the

nature of the effect is still an open issue, we offer the following analysis, the

-:: results of which agree well with experiment.

w

™ Our treatment uses specific, pairwise bond potential energy functions. A
oy

LR

cartesian form of symmetry-adapted Taylor series is used to expand the potential

;ﬂ; “functions in order to determine the force constants which are appropriate to the

g% adsorbed carbon monoxide on the metal. We assume that the changes in certain
N

o binding energies depend linearly, and directly, upon the applied electrochemical

‘ui potential. In view of the fact that there is no absolute reference for the

electrochemical potential, we assume that there is a linear relationship between

the energy of interaction and applied potential. As will be evident in the

L3

ﬁ dévelop-ent of the theory. the functional relationship between the binding
‘3 energies and the predicted frequencies is non-linear. However, the numerical

evaluation of the formulae derived show that the overall, observable dependence
W of the frequency on some of the binding energies is linear. As we assume that

e
NGAIGACAAOGHNA0 IOGOGHCI0ON ] y
3L 1 R N g T T Tt S S e D D 8 U 0 SN T T T g T By O RO OGIGA000




K5 Ropan g8 ga et et dgv Vit 0" . L2t a0 R e B Sl g Vg et ead tat “a t g # < h vl R At R - B0 8% A's 8'a rovIwY

-
Ve

PAPTEAN ol oTal o,

L X XA

NRe s £

o
)
L
v
»
.l
by ,

]
[]

LAY

the dependence of the binding energies with applied electrochemical potential is
also linear, there is agreement with experiment.

The analysis provides insight into the nature of the associations between
the atoms of carbon monoxide and the atoms of the metal surface. The theory
focuses attention on the loci of points at which the applied electrochemical
potential has the greatest influence. In particular, we find that the shifts in
frequency can be explained by changes in the strengths of interaction between
carbon and the surface and oxygen and the surface; we assume that the CO bond
strength is not directly altered by the applied electrochemical potentjal.

Finally. the suggestion has been made that the spectral shift could be
accounted for in terms of an applied external electrostatic field, a Stark
effect. We have also carried out this type of calculation with the use of our
technique. We find that extremely large applied fields, of the order of 1 x 108
V/m or greater, are required to affect the spectral shift. It i{s possible,
therefore, that the fields in the double layer can account, at least in part, for
the observed phenomenon.

i In the following sections we discuss the phenomenon, develop a theory of the

spectral shift, and carry out numerical evaluations of the formulae provided by

the theory.
The Spectroscopy of Carbon Monoxide on Platinum Electrodes

The vi-rational spectrum of carbon monoxide adsorbed on the Pt{111) surface
has been extensjively studied, using both infrared1-8 and electron-energy loss
spect:ro:tcopy.g'12 When carbon monoxide is adsorbed on a Pt(111) surface under

ultra-high vacuum (uhv) conditions, two absorption bands in the C-O stretching
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region of the spectrum are observed. At low coverage, a band at about 2065 ca-?
appears; as the coverage is increased, this band increases in intensity and
shifts to higher wavenumber, appearing at about 2100 cm~1 at saturation
coverage. At intermediate coverage a second band appears at about 1850 ca~1;
this band also increases in intensity and shifts to higher wavenumber with
further increases in coverage. The comparison of these results with the
vibrational spectra of metal carbonyl complexes, together with information on the
adsorbate geometry obtained from low-energy electron diffraction experilentsu'13
has led to the generally accepted assignment of the 2065 ca~1l band to the C-0
stretching mode of carbon monoxide linearly adsorbed at an on-top site, with the
carbon end toward the letai. and the assignment of the 1850 cm-1 band to carbon
monoxide adsorbed in a bridging site, bonded to two, cr perhaps three platinum
atoms.

The dependence of the wavenumber of the band due to carbon monoxide
adsorbed at an on-top site as a function of coverage has been the object of much

1-8,14-19

experimental and theoretical study. Analysis of the infrared spectra of

Tadsorbates formed from mixtures of different isotopes of carbon monoxide has

shown that the observed wavenumber shift with coverage is due to dynamical
coupling between adsorbed carbon monoxide molecules. The origin of this coupling
is not entirely clear, although it has most often been described using a
dipole-dipole coupling model.

The infrared spectrum of carbon monoxide adsorbed on a platinum electrode in
aqueous solutjon has also been extensively studled.zo_z4 Interpretation of the

results obtained from electrochemical systems is necessarily more diffjcult than

tor those obtained under uhv conditions. Complex structural changes occur at the

surface of an electrode under the conditions of an electrochemical experiment,?2d
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and as a result, one has little knowledge of the platinum :urface structure. In

addition, wmeasurements of coverage on electrodes in solution are more difficult
than those carried out in uhv systems. It is also necessary to consider the
effect of the presence of the solvent and supporting electrolyte. However, in an
electrochemical system, control of the electrode potential provides a valuable
method for the study of the adsorbate-surface interaction.

For carbon monoxide adsorbed on a polycrystalline platinum electrode in
aqueous acid solution, a band is obse ved at about 2070 cm~l, By analogy with
the uhv results. this solution/surface-phase band has been assigned to carbon
monoxide which is linearly bound to an on-top site. A second band at about 1850
ca~l has also been observea and assigned to bridge-bonded carbon monoxide; the
intensity of this band is much smaller than that observed under uhv conditions on
Pt(111).24 The 2070 cm~! band appears to be due to the major part of the
adsorbate formed in aqueous acid solution, and it has been the most extensively
studied. An interesting effect is the behavior of this band as the electrode

potential is changed. The band shifts to higher wavenumber as the potential is

“made more positive. For a saturation coverage of carbon monoxide, the shift is

linear with a slope of 30 cm~1/V. This has been interpreted as being due to a
decrease in the carbon-oxygen bond strength as electrons are withdrawn into the
metal at positive potentials;az'26 other studies have suggested that this is a
ainor effect, and that the shift can be explained purely as an electric-field, or
Stark, effect.27’29 According to the Gouy-Chapman-Stern (GCS) model of the
double-layer,32 the electric potential decreases linearly within the first few
angstroms of the electrode surface; in this region electric fields of between

107 and 109 V/m are expected to exist. 1 -as been suggested that the coupling

of the adsorbate vibrations with this stro..g electric field is the source of the
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observed wavenumber shift with potentjal. It is also possible that the change in
potential causes a change in the dynamical coupling in the adsorbate layer; this
possibility has received little attention to date. The behavior of the band at
potentials at which CO begins to oxidize depends on the potential at which the
adlayer was originally formed. When adsorption is carried out in the double-
layer region, the linear 30 cm-1/v shift continues until all of the CO is
oxidized to COjp. When the adsorption of carbon monoxide is carried out at
potentials at which hydrogen is coadsorbed, the C-0 stretching band decreases in
wavenumber when CO begins to oxidize.30 This effect has been taken as evidence
that carbon monoxide is adsorbed in islands in the double-layer region, and that
subsequent oxidation at hlgher potentials occurs at the edges of these islands.
Thus, most of the adsorbed molecules that remain experience an effective
high-coverage environment. It is thought that coadsorption of hydrogen prevents
this island formation, and that oxidation of carbon monoxide at the higher
potentials proceeds randomly, thus decreasing the effective coverage near the
remaining adsorbed molecules and resulting in a decrease in wavenumber as the

‘coverage—dependent intermolecular coupling decreases.

Analysis of the Spectrum of Adsorbed Carbon Monoxide on Platinum

A model to obtain the spectrum of adsorbed carbon monoxide on platinum is
developed in terms of the atoms and associated bonds which are involved. Despite
the abundant experimental evidence for dynamical coupling between carbon monoxide
molecules, the model will be limited to a single adsorbed carbon monoxide: an
extension of the model to include the effects of intermolecular Interactions in

the adsorbed layer, as well as the effect of solvent, will be developed in a
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Y future paper. The analysis is jllustrated in particular with the use of
f‘\ Pt(111). The vibrational analysis is carried out in the classical limit, as is
,":: consistent with the usual form of treatment of the lowest order, harsonic
0

A vibrations of molecules. The total energy of the system is the sum of the
.: kinetic and potential energies, the Hamilton function,
bt

f H=T+V (1)
&G
by with
i T = Z;p§/2my (2)
)
L% The summation includes only the carbon and oxygen atoms; platinum vibrations in
N
o the surface are not determined, although it is possible to do so.
e The potential energy 1is specifically the sum of the following discrete
v

:, interactions:

.

&

:-_ V = Vco + VCS + Vos. (3)
-,
o

In this expression, VCO is a Morse potential which represents the underlying

% bonding in carbon monoxide,
vy
14
? ] o

» Veo = D explalreo - reo)l{explalreg - reo)l - 2). (4)
[,

N
" y The values of D, a, and roo are those for an isolated carbon monoxide molecule:
X
4 rco 1s the carbon-oxygen separation. The function Vgg describes the interaction
", of carbon with the surface. We used a Lennard-Jones potential for the
o,
‘ interaction of the carbon atom with each of the surface atoms. so Vpg is the sum
A
L Ves = €Zgle/rey)8((e/rey)6 - 2] (5)

b
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o in which the radii r.y are the distances between the carbon atom and each
Y

:0' platinum atom i. The model of the platinum surface consists of 14 platinum atoms
!'..

:::.' arranged in a (111) configuration (¢f., Figure 1). The last term in the
.- potential, Vpg. represents the oxygen-surface interaction. We used a sum of
{

o

:: Morse potentials for each of the oxygen atom-surface atom interactions,

R

o

l'n

: Vos = ZijD'exp[v(rg; - roi)](exp['y(rsl - roi)l) - 2} (6)

v

v,

" in which the r,; are the distances between the oxygen atom and each platinum
- atom.
1

.\ﬁ The calculations to derive the force constants, from which the vibrations of
. »
carbon monoxide are determined, require the use of a two-center form of the

\ Taylor series. This follows as the potential energy function for the system is a
NS

::: sum of pairwise interactions. A symmetry-adapted form of Taylor series, which
- _

;‘\’: has been used elsewhere.33 45 proves to be the easiest to work with.

2 s Given a scalar function, which can be expressed as

A

\‘.

- g(r) = ¥, (r)[vane(r)], (7)
L

_: in which Yln(” is the spherical harmonic function, we want to find an expansion
..,'-

', about two centers, A and B, separated by a vectorial distance R. A Taylor
A series expansion about two centers is given by

>7
15

N -1

¢ F(R-a+b) = Z;(n!) "(a*v + beV)OF(r). (8)
"
A
?..'
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Define the Fourier transform c° g(r) as

g(r) = 3_[ @’ rx) kT (9)
(2n)
Substitution of this quantity in eq (8), followed by expansion and manipulation
of the various expressions yields
2 7 n n-s =Y
g(R-a+b) = (4m)° T 1/nt T (1E™° (- £ [(21;+1)(21p+1)(21+1)) 7
n=0 s=0 {1.m}
. -
x(lllzoOI10)(1112m1m211m)An -s. 11 s, 12 (S)Y (b)YILR) (10)
xlnl(R)
in which (LjLoMjMp!LM) is a Clebsch-Gordan coefficient,%® (D) is the binomial
coefficient, and Anl is given by35
. n!(21+1) -1 e
Al (n=1) 1t (nels1) 0T for n > 1 and n - 1 = even
-0 forn<1andn - 1 = odd (11)
-and Inl(R) is
1_.(R) = "t ! (d/rdRr) L (1/R) (d/dR)™ 'Rg(R) (12)
nl (am)% £
Alternative integral representations of this quantity exist--indeed. the
differential form, eq (12), is obtained from the integral form. For the Morse
potential, for example, one finds
- aRp, N - (n-
Inl(R) De {2'R kl-l(ZaR) (n l)kl(ZaR)]
(13)
- 2(aR k1~1(°R) - (n-l)kl(aR)])
in which kjy(x) 1s the modified spherical Bessel function of the third kind.48
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. The cartesian form of the first and second order terms in this expansion are
iy the most directly useful in our analysis. One can write for the first order term
'» (which is useful in the process of finding the optimum configuration of the
;';‘ systenm)
4 g, (R-a+b) = van[(a - b)-R]I, (R)/R (14)
(7.
2
P in which In(R) is given simply by
¥ - (am)~% OB
o Iu(R) (4m) dR (15)
‘A
, For the second order term., one finds
Wit
. g2(R-a+b) = = (a - b)TK(a - b) (16)
A In which vT is the transpose of the column vector v. The cartesian diagonal
, elements of the force constant matrix K are
-
- 1 % 2 _ 2 _ 2 2
: ku 3 (4n) [IZO(R) + (2)(i xj xk)lzz(R)/R ] (17)
»,
S
LN where X; is the i-th cartesian component (i=x,y,z) of the vector R between the
o ~centers A and B. The cartesian off-diagonal elements are
[
)
]
h . 2
' li vén xilezz(R)/R (18)
)
. The radial quantities IZO(R) and 122(R) are specifically
7 .
' lzo(R’ - 2-4‘ *+ d_x (19)
Py R dR dR?
"
) and
- d% _1dg
-; Izz(R) = - = {20)
. dR2 R dR
'
}' For the Morse potential, the radial quantities 120 and 122 are specifically
S - -
B 15,(R) = 2a°De®(ROR) 262 ROV (14 /ap) - 1 4 2/aR) (21)
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M 2
Izz(R) 2a" De

a(Rg-R) ea (Ro’R)

(

i .
(2+1/8R) - 1 - 1/aR] (22) .
(]
'

In the limit as R = Rp, these quantities reduce to

20

Ry oy *

4 = = 2a°
, I,(R) Izz(R) 2a¢D (23)

-~

r&s

; For the Lennard-Jones potential, we find for 120 and 122:

I;g(R) - 12¢ o R)®111(e/r)® - 5) (24)

24¢

B -
R2

(e/R)817(e/m)8 - 43 (25) :

In the limit, in these equations, as R = Rg = ¢, :

Lo = I, = 72¢/c (26) )

Examination of eq (10) indicates that there are two kinds of second order

The first kind of contribution arises

contribution to the force constant matrix.

when n = 2 and 8 = 0,2. These, of course, are the only allowed values for s in

¢ this limit. One sees without much difficulty, that for these values of the g

indices, the contributions to the force constant matrix become diagonal in the

species index. In effect, these cartesian force constants correspond to the

oscillation of an atom A in the static field of the surroundings; the vector Rab R

connects the particle A with B, but the displacement of B does not enter at this

point. If the complete potential energy tunction is a sum of pair-potentials,

then for species A there is a sum of contributions to the overall force constant

due to the interaction with all surrounding species.
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The other term which arises, appears for n = 8 = 1. In this instance, the

cartesian elements of the force constant matrix are nondiagonal in the species
indices. That {is, the cartesian displacements of species A are coupled
bilinearly with those of species B. There are only two of these dynamical
interactions for each pair of particles; the summation of course {s divided by
1/2 to avoid double counting.

Because of the nature of the contributions for n = 2, s = 0,2, it is
possible to see that environmental effects can enter the vibrational analysis in
a direct and simple manner. For the example of carbon monoxide adsorbed on
platinum. which is the subject of this report., it is easy to see that a major
environmental effect is thé interaction of the atoms of carbon and oxygen with
the atoms of platinum both in the surface and, if warranted, below the surface.
All that is needed is an appropriate form of potential energy function for which

it is possible to obtain the quantjities Izo(R) and Izz(R).
Method and Results
The parameters in the expression for the interaction potential are listed in

Table 1. We arbitrarily chose the parameters in Vgg to be those for gas-phase

carbon monoxide. The parameter rg; in Vgg was chosen to make this a repulsive

'l;“

%
4

term; the remaining parameters in Vcg and Vgg were optimized by a least squares

)

LY
-

fit to the experimental binding energies and the carbon-oxygen and platinum-
carbon vibrational frequencies as found under uhv conditions for carbon monoxide
bonded both to on-top and bridging sites. The values derived from the empirical

potential are listed in Table 2 along with the experimental values. Complete C-0

and Pt-C bond length optimizations were performed at each site by the Newton-
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W Raphson method. The geometry was optimized with carbon monoxide bound normal to
K the surface, with the carbon end towards the metal. The binding energy was
v' calculated as the difference between the total energy from eq(3) and the
:0 dissociation energy of isolated carbon monoxide. The parameters in the Vog and
L Vos parts of the potential were refined until the calculated binding energy and
?3 vibrational frequencies gave acceptabie agreement with experiment.

The potential energy surface for carbon monoxide adsorbed at an on-top site
A v of Pt(111), as calculated with eq (3) using the optimizcd parameters. is shown in
.. Figure 2. The zero of energy is chosen with reference to carbon monoxide in the
) gas phase. The binding energy which is calculated from this potential energy
5 function is 2.4 eV; this is about twice that which is observed experimentally.49
% This is due to the fact that we used parameters appropriate for gas-phase carbon
&: monoxide in Vcg. so that in order to match the experimentally observed
:r' frequencies for adsorbed carbon monoxide, we have over-estimated the strength of
'.E the surface-adsorbate interaction. Of course, the bond between carbon and oxygen
y should change when CO i{s adsorbed, but we have neglected this effect since we
, “were only interested in the change in the vibrational frequencies with changes in
.E binding energies. The calculated frequencies are consistent with the
% experimental t‘requencies“'so cf. Table 2. Figure 3 represents the interaction
:‘_: potential for lateral carbon monoxide motion across the platinum surface. With
E. reference to this surface, the most stable configuration is found to be the
;. on-top site, with binding energy of about 2.4 eV, followed by the bridging site
.» with binding energy of about 2.3 eV. The relative stabilities agree well with
-‘r;f experiment. Nevertheless, it should be borne in mind that this is only an
'-" approximate energy surface: only qualitative conclusions should be drawn.
«".' However, in this analysis we are interested in regions of the surface very near
0

A
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the equilibrius C-0 and Pt-C bond distances. As the vibrational data obtained
from the interaction potential agree well with experimental data, the surface
should be a reasonable initial approximation to the actual surface in this
limited region. We confine our attention to this region of the surface in order
to explore the relative contributions to the potential-dependent CO frequency
shift from the chemical bonding and Stark type mechanisms.

The energy quantities, D' in the oxygen-surface and ¢ in the carbon-surface
potential, were changed linearly. The resulting frequencies responded linéarly
to these changes, cf. Figures 4 and 5. Table 3 lists the vibrational
frequencies and the equilibrium C-0 and Pt-C bond distances as a function of
binding energy. The potential dependence of the Pt-C vibrational frequencies is
included in Table 3, although this has not yet been measured. The size of the
shift in wavenumber which was calculated for this range of binding energies is
about the same as that observed experimentally,23 cf. Table 3.

Finally. the system was perturbed with an electric field by adding the new
quantity Vejeldq to the interaction potential:

- Vejeld = EzM(z°-2). (27)
The purpose of the perturbation was to see if a Stark effect could be seen. A
potential of this type is consistent with the Gouy-Chapman-Stern theory of the

electrical double layer.32

In this expression E; is the electric field strength
in a direction normal to the surface, M is (du/dz) obtained from expansion of the
dipole moment function, and the term (z°-z) is the relative displacement of the
atom from its equilibrium position (z°) in a direction normal tc the surface.
The experimental value of (du/dz) for CO in gas phase is 3.093 D/A.53 Lambert

has found that this value increases by about a factor of 2 when CO is adsorbed on

Ni(110).28 Therefore. to calculate the electric field perturbation we have taken
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(du/dz) to be 6.18 D/A. Using this model, we calculate a Stark tuning rate of
9.0 X 109 V/m in excellent agreement with Lambert .28

The vibrational frequencies of carbon monoxide in the presence of an
electric field are shown in Table 4. Figure 6 shows the linear relationship
between the frequency shift and the electric field. The electric fields which
were used were on the order of those expected from the Gouy-Chapman-Stern model
of the double layer. Fields as large as 1 x 10° v/» change the frequency of the
carbon monoxide vibration by about 9 wavenumbers. Within the limits o} our
model, therefore, electric fields of approximately 1 x 102 v/m appear to be able
to account for at least some of the potential-dependent shift of the carbon-

oxygen vibrational frequency.
Discussion

The shift of the carbon-oxygen stretching frequency with potential in
adsorbed carbon monoxide appears to be caused by changes both in the electric
“field and the surface-adsorbate bonding. It should be noted that to simulate
changes in bonding it was not necessary to change any of the parameters in the
carbon-oxygen potential function to obtain a linear shift with binding energy:
only the energies involving the surface-adsorbate interaction (i.e.. the energies
¢ and D' within the potential energy functions) were changed. We calculated that
the stretching frequency for carbon monoxide increases linearly as the
surface-adsorbate binding energy decreases. The carbon-oxygen stretching
frequency in adsorbed carbon monoxide increases towards the value which is known
for the free molecule as the potential is increased. Therefore, we think it is

reasonable to assume that there is a decrease in the binding energy with

......
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Because the experimental frequency is observed to vary

increasing potential.

linearly with applied electrode potential, within the limits of our model, our

results strongly suggest a linear relationship between the binding energy and the

electrode potential.

Potential energy surfaces have been derived with the use of several

O
26.51,52 9 has constructed potential energy )

potential energy functions. Tully4

surfaces for carbon monoxide on Pt(111) in order to study gas phase dynamics. !

Although not the same as Tully's potential, our potential duplicates the

important features.

An advantage of the type of analysis reported in this paper is that external

perturbations to the potential energy are easily calculated. From this analysis

it appears that changes in the vibrational frequency with potential depend upon

of carbon monoxide to the platinum surface and on the

changes in the binding

Experimental evidence for

Stark effect if high enough fields are applied.

perturbation of the CO stretching frequency by an external electric field has

been obtained from electroreflectance vibrational spectroscopy (EVS).29 In Evs,

“a modulated electric field is applied across a pair of metal surfaces.

Absorption bands which change in response to the modulated field appear in the

However, an electric field between two metal plates depends upon

final spectrum.

the accumulation of charge on the surfaces of the conductors. Because of the v

presence of electronic surface charge it is difficult to separate electric field

perturbations from changes in chemical bonding between the adsorbate and the

metal in an experiment of this type.

in summary, we have constructed a model of adsorbed carbon monoxide on

platinum in which the interaction between the molecule and the metal surface is

represented in terms of several individual components. We have carrjed out a

\}
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second order Taylor series expansion of the complete potential in order to
determine the vibrational frequencies for carbon monoxjide in the presence of the
metal. We have calculated a Stark tuning rate for CO adsorbed on Pt(111) which
is in good agreement with that observed for CO on Ni(110). Electric fields
greater than 109 V/m can contribute significantly to the potential dependent
frequency shift. Further, by linearly changing the specific binding energies
(which are parameters within these potential energy functions). we have been abie
to show a linear response in the spectral shift. If one can assume that the
change in binding energy also follows a linear change in the electrochemical
potential which is applied to the surface, then, we assert, there is excellent

accord with experimental results.
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:& Figure Legends
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4'
::: Figure 1. Arrangement of atoms to form the Pt(111) model surface used in this
~
:.. calculation. The nearest neighbor Pt-Pt distance was taken as 2.774 A. A,B, and
N C represent 2-fold bridge, 3-fold bridge and on-top sites respectively.
o Figure 2. Potential energy surface calculated from the adsorbate-surface
2] interaction potential eq(3). Carbon monoxide is bonded to an on-top site on
ho
‘_:: Pt(111).
-\.
,\-
La™
"5-, Figure 3. Potential energy surface calculated from the adsorbate-surface
%)
j,: interaction potential eq(3) for motion of carbon monoxide laterally across the
h-
N platinum surface. The 2-fold bridge site corresponds to the zero of distance
5- across the surface. From left to right the X's correspond to CO interaction with
~
:: the 2-fold, 3-fold, and ontop sites.
N
" -Flgure 4. Plot of the carbon monoxide vibrational frequency against the binding
\‘
-:: energy which acts between carbon monoxide and the platinum surface.
>
" Figure 5. Plot of the Pt-C vibrational frequency against the binding energy
\J‘
:: which acts between carbon monoxide and the platinum surface.
<
,', Figure 6. Plot of the carbon monoxide vibrational frequency against the applied
L4
'4' electric field strength.
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e Table I. Parameters in the interaction potentjal
qd Veo D=11.11 eY .
q a = 2.31 A rco = 1.13 A
[}
o Vs € = 2.04 eV
' c =1.81A
N Vos  D'= .13 eV )
b y = .86 A1 roj = 4.6 A
A
' Table II. Values calculated from the interaction potential for CO
. bonded to on-top and 2-fold bridge sites. Numbers in
\ N parentheses are references.
:z SITE rc-o rpL-C Yco Vpt-C Binding Energy
n
- (A) (A) (cm~1) (cm~1) (ev)
" Calculated TOP 1.16 1.89 2051 458 2.4
, BRIDGE 1.17 1.66 1892 385 2.3
Al
3
:: Literature TOP -———- -——— 2065 (6) 480 (51) 1.2 (49)
~ BRIDGE ---- -—-- 1872 (6) 350 (51) 1.2 (49)
L
:: Table IIl1. Values calculated from the interaction potential
vy perturbed by changes in dissociation energies.
“d
)
e, D' € re-o rpt-C Yco Vpt-C Binding Energy
- T (eV) (eV) (A) (A) (cm-1) (cm-1) (eV)
f:- .125 2.04 1.16 1.89 2052 459 2.4
. .112 1.83 1.15 1.89 2063 434 2.2
';: .100 1.63 1.15 1.89 2075 409 2.0
’, .087 1.42 1.15 1.89 2086 382 1.7
.075 1.22 1.15 1.89 2097 352 1.5
.062 1.02 1.14 1.89 2110 321 1.2
-l
i: Table IV. Values calculated from the interaction potentijal
o perturbed by an electric field.
- Field/ re-g rpe-C YVeo vpt-C Binding Energy
. 108 v/m (A) (A) (cm~1) (cm~1) (eV)
. 0.0 1.15 1.89 2052 459 2.4
3 2.0 1.15 1.89 2053 459 2.4
' 4.0 1.15 1.89 2085 459 2.4
' 6.0 1.15 1.89 2057 458 2.4
vy 8.0 1.15 1.89 2058 458 2.4
M 10.0 1.15 1.89 2060 458 2.4
\l
o
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